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Abstract
Cosolvent flushing is a technique that has been proposed for the removal of hydrophobic organic
contaminants in the subsurface. Cosolvents have been shown to dramatically increase the
solubility of such compounds compared to the aqueous solubility; however, limited data are
available on the effectiveness of cosolvents for field-contaminated media. In this work, we
examine cosolvent flushing for the removal of polycyclic aromatic hydrocarbons (PAHs) in soil
from a former manufactured gas plant (FMGP). Batch studies confirmed that the relationship
between the soil-cosolvent partitioning coefficient (Ki) and the volume fraction of cosolvent (fc)
followed a standard log-linear equation. Using methanol at an fc of 0.95, column studies were
conducted at varying length scales, ranging from 11.9 to 110 cm. Removal of PAH compounds
was determined as a function of pore volumes (PVs) of cosolvent flushed. Despite using a high fc,
rate and chromatographic effects were observed in all the columns. PAH effluent concentrations
were modeled using a common two-site sorption model. Model fits were improved by using
MeOH breakthrough curves to determine fitted dispersion coefficients. Fitted mass-transfer rates
were two to three orders of magnitude lower than predicted values based on published data using
artificially contaminated sands.
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1 Introduction
The manufacture of gas from coal and oil was widespread throughout the U.S. and Europe
during the 1800s to mid 1900s. In the U.S. alone, there are an estimated 33,000 to 50,000
former manufactured gas plants (FMGPs) and related sites, which are suspected of having
soil and groundwater contamination. The most common contaminant is tar, a by-product of
the manufacturing process (U.S. EPA, 2004).
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FMGP tars are complex mixtures of mostly organic compounds. Though the exact chemical
composition is still unknown and varies from site to site, tars contain a large percentage of
PAHs, including several carcinogens (U.S. EPA, 1993). In most tars, naphthalene (NAP), a
two-ring PAH, is the most abundant individual compound, accounting for as much as 15%
of tar mass (Birak and Miller, 2009). As the number of rings increases, concentrations in tar
generally decrease. For example, benzo(a)pyrene (BaP), a five-ring PAH, is usually less
than 1% of tar mass (Birak and Miller, 2009).
In the subsurface, tars are long-term sources of soil and groundwater contamination. When
released to soil, tars exhibit complex migration patterns that are dependent on local geology.
If tars migrate downward and encounter the water table, they may sink further as they are
dense, non-aqueous phase liquids (DNAPLs). Tar-contaminated systems can become oil-
wet, resulting in soil and sand grains being coated with tar (Barranco and Dawson, 1999;
Powers et al., 1996). PAHs dissolve from the DNAPL phase into bulk groundwater slowly
because of low aqueous solubilities (Luthy et al., 1994).
Tar composition and properties are altered over time as tars age. Lower molecular weight
(MW) compounds, such as NAP, are depleted first, primarily due to dissolution (Luthy et
al., 1994). Over time, the mole fractions of higher MW PAHs increase, along with their
aqueous-phase concentrations (Peters et al., 1999). This results in a chromatographic effect
occurring down-gradient of tar-contaminated zones, as compounds are eluted at varying
time-scales. Over time, dissolution can result in tars becoming increasingly viscous, and
they may ultimately become solids or semi-solids (Peters et al., 1997).
Cosolvent flushing is a technique that has been proposed for the removal of hydrophobic
organic contaminants in the subsurface. Cosolvents can markedly increase the solubility of
compounds, such as PAHs. This relationship has been found to follow a log-linear equation,
such that
(1)
where  is the solubility in a cosolvent for species i,  is the solubility in water, σi is the
cosolvency power, and fc is the cosolvent volume fraction (Yalkowsky, 1981). In soils,
cosolvents reduce the equilibrium partition coefficient, such that
(2)
where Ki is equilibrium partition coefficient between the cosolvent and soil (L3/M), Kiw is
the equilibrium partitioning coefficient between water and soil (L3/M), and α is an empirical
constant that accounts for sorbent-alcohol interactions (Rao et al., 1990; Wood et al., 1990).
Cosolvents have also been found to reduce mass transfer rates. Brusseau et al. (1991) and
Bouchard (1998) conducted column experiments to examine this relationship using
breakthrough curves of PAHs in the presence of methanol (MeOH) at varying fc. The initial
condition was a column packed with uncontaminated Eustis sand saturated with a MeOH
cosolvent solution. Brusseau et al. (1991) and Bouchard (1998) pumped solutions with a
known PAH concentration and the same fc already present in the column. Effluent
concentrations were simulated using a two-site sorption model where one fraction of the
mass was assumed to remain in equilibrium and the remaining fraction was rate-limited,
such that
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where Ri is the retardation factor, Ci is the concentration in the aqueous phase (M/L3), Si is
the solute mass fraction in soil (M/M), S1i is a solute-solid mass fraction assumed to be in
equilibrium (M/M), S2i is a solute-solid mass fraction that is rate-limited (M/M), v is the
linear pore velocity (L/T), D is the hydrodynamic dispersion coefficient (L2/T), ρb is the
bulk density (M/L3), θ is the porosity (L3/L3), ki is the mass transfer rate (1/T), and Fi is the
mass fraction of the solid phase assumed to always be in equilibrium with the aqueous
phase.
The model was fit to determine values for ki and Fi. For individual PAHs, correlations were
found between ki and fc, such that
(7)
where kiw is the mass transfer rate in a pure aqueous phase (1/T), and φi is a constant
(Brusseau et al., 1991). Data from multiple chemicals were used to develop a more general
relationship between the rate and the partitioning coefficient
(8)
Brusseau et al. (1991) reported a τ of −0.61 and b of 0.79 based on data for NAP and
phenanthrene (PHE), where ki is in hrs−1. Bouchard (1998) included additional PAHs and
reported a value for τ of −0.91 and for b of 0.47. In addition, Brusseau et al. (1991) found
that Fi was lower as the cosolvent fraction increased, but was unable to develop a
relationship to predict Fi based on other parameters.
Augustijn et al. (1994) used the two-site model to simulate column desorption experiments.
In these experiments, the initial condition was an aqueous solution containing either NAP or
PHE in equilibrium with Eustis sand. Cosolvent solutions were then pumped through the
columns and the effluent concentrations measured over time. They modeled the system
using the rate constants from Brusseau et al. (1991) and found that model predictions
generally agreed with experimental data.
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A limitation of these previous modeling studies is that they all relied on single-solute
systems of artificially contaminated media. Thus, the effects of aging and the complexity of
contaminant mixtures were not considered. In terms of PAHs, previous studies have also
tended to use compounds that have relatively low MW when compared to the entire suite of
16 U.S. EPA priority pollutant PAHs that are of concern from a risk perspective. These
studies were also all conducted at the same length scale of approximately 5 cm. It has been
well documented that remediation efficiency diminishes with length scale (Soga et al.,
2004).
Few studies have been conducted to examine the removal of PAHs from field soils. Using
an FMGP soil, Chen et al. (2005) conducted column experiments and flushed 10 PVs of
MeOH or ethanol (EtOH) at an fc of 0.85 in 5.5-cm columns. Percent removal was lowest
for the high MW compounds. For example, the percent removal for NAP was 67.9% using
MeOH and 69.9% using EtOH. For BaP, removal was 42.3% using MeOH and 27.3% using
EtOH. Since these results were not modeled, mass transfer rates were not reported. Kilbane
(1998) conducted batch experiments with an aged FMGP soil and removal rates were near
100% using pure ethanol, suggesting that it may be possible to achieve higher removal
percentages by using a higher fc.
The overall goal of this work was to evaluate the use of alcohol flushing for the remediation
of field-contaminated and aged soils typical of FMGPs. The specific objectives were: (1) to
investigate the remediation of aged, field-contaminated solid materials from FMGPs using
cosolvent flushing; (2) to observe the effects of system hydrodynamic characteristics on
contaminant mass removal efficiency; (3) to evaluate the presence and importance of mass
transfer limitations as a function of solute properties; and (4) to assess the adequacy of a
commonly posited model for field-contaminated systems.
2 Materials and Methods
2.1 Field Samples
Field samples were collected from a FMGP site in Salisbury, North Carolina. The highest
PAH concentrations were detected in boreholes located between the former retort house and
tar well. Soil samples were collected from this region at a depth of approximately 1.2 m and
stored in sealed buckets at 4°C prior to processing. No free liquid-phase tar was observed in
the field soil.
The field soil was screened through a 10-mm wire screen to break up large aggregates and
remove rocks, brick fragments, and other debris. The screened soil was thoroughly mixed to
create a homogeneous soil stock. The homogenized soil was then mixed with sterile 40/50-
grade silica sand (Accusand, Unimin Corporation, Le Sueur, MN) at a 1:1 mass ratio to
allow flow through packed columns with a sufficiently small pressure gradient.
Properties of soil mixture are given in Table 1. The soil organic carbon (OC) totaled 8.3%;
however, the total extractable organic matter (TEOM) was 0.64%. The TEOM was
determined gravimetrically from the soil extracts as described in §2.2.2. It is important to
note that these data are based on a few samples; however, the difference between the %OC
and the %TEOM is consistent with other analyses of aged tar-contaminated soil.
Specifically, most of the organic matter in similar soils has been identified as a heavy non-
extractable fraction, believed to be the result of tar aging (Haeseler et al., 1999).
2.2 Analytical Methods
2.2.1 PAH Analysis—PAHs were isolated from the soil mixture using a two-step solvent
extraction procedure. Five-gram (wet wt.) aliquots of the soil mixture were extracted using
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20 ml of dichloromethane-acetone (1:1, v/v). Sodium sulfate (6–7 g) was added to each
extraction vial to absorb residual water, and three to six 5-mm diameter glass beads were
added to each vial to improve soil-solvent mixing. Anthracene-d10 was used as an internal
standard (Restek, Bellefonte, PA) to evaluate analytical recovery. Vials were sealed with
Teflon-lined screw caps, vigorously shaken for 24 hr, and centrifuged for 15 min at 3,500
rpm (1,800 G). The supernatant was removed and the extraction was repeated. The extracts
from each step were combined and stored in the dark at 4°C prior to analysis.
Sample extracts were analyzed using a Waters (Milford, MA) HPLC equipped with a 10-cm,
3-μm particle size Supelcosil™LC-PAH column (Sigma-Aldrich, St. Louis, MO), a
fluorescence detector, and HPLC grade solvents. Over the course of the column
experiments, two HPLC methods were used as a result of improvements to the analysis.
Method I was a 20-min instrument method with a starting mobile phase of acetonitrile-water
(60:40, v/v). Method II was a 45-min instrument method with a starting mobile phase of
acetonitrile-water (55:45, v/v), which improved peak separation. In both methods,
acetonitrile was increased linearly to 100% over the course of each run. External calibration
standards were prepared from a PAH analyte mixture (SPEX Certiprep CLPS-B, Metuchen,
NJ). Of the 16 U.S. EPA priority pollutant PAHs, two PAHs were not quantified,
acenaphthylene, which does not fluoresce, and indeno[1,2,3-cd]pyrene, which had
concentrations too low to detect.
2.2.2 TEOM Analysis—Field soil extracts were fractionated to better understand the
overall composition of the TEOM. First, soil was screened through a 2-mm wire mesh and
extracted with dichloromethane and acetone, as described above. To precipitate the
asphaltene fraction, n-pentane was added to the extracts at a ratio of 40 mL per mL of
extract. Samples were vacuum-filtered through 0.2-μm pore-size nylon filters. The
precipitate was dried under nitrogen and weighed. To determine what is referred to as the
“neutral” fraction, the filtrate was passed through a solid-phase extraction column
containing 2 g of Florisil, dried under nitrogen and weighed. Finally, the sample mass
retained on the column was eluted using toluene-acetone (1:1, v/v), which was also dried
under nitrogen. This fraction is referred to as the “polar” fraction. A Hewlett-Packard 5890
gas chromatograph, coupled with a Hewlett-Packard 5971 quadrapole mass spectrum
detector was used for the semi-quantitative analysis of the neutral fraction.
2.2.3 Density Measurements—Density was measured in batch extracts and column
effluent samples using an Anton Paar density meter (Model DMA 48) calibrated at 22°C, the
average temperature in the laboratory. These density measurements were converted to
methanol fc using empirical data. In MeOH:water solutions, converting between density and
volume fraction is complicated by the fact that volume is not conserved. As published data
were not found for 22°C, density was measured in solutions of known MeOH fc (Fisher,
ACS Certified) and distilled-deionized water (DD) with mass fractions from zero to one. For
each solution, the fc was calculated from the MeOH mass fraction, ω, and measured solution
density, ρ, as
(9)
where ρ is expressed with units of g/ml. These data are provided in Table 2 and were in
excellent agreement with data published at other temperatures (Gonzalez et al., 2007). A
piecewise cubic Hermite interpolating polynomial was generated from the data using
MATLAB’s pchip function. Since column studies used simulated groundwater, we
confirmed that this relationship held for cosolvent mixtures using simulated groundwater as
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well. For samples with unknown MeOH concentration, the polynomial was evaluated to
convert measured ρ to fc.
2.3 Batch Experiments
Batch experiments were conducted to determine the relationship between Ki and fc. The
batch experiments were performed using fc values of 0 to 1 in increments of 0.1, and at an fc
of 0.95. Batch experiments were conducted in triplicate for each fc. An approximately 3 g
portion of the soil mixture was added to 20 mL of MeOH solution in a centrifuge vial and
shaken for 48 hr. Vials were centrifuged for 15 min at 3,500 rpm (1,800 G). The cosolvent
was decanted and analyzed for PAHs as described in §2.2.1 to determine the concentration
of PAHs in the cosolvent ( ). The total starting solute masses in the soil mixture (M0i)
were determined by extracting the remaining mass of PAH as described in §2.2 and adding
to the mass removed from the cosolvent. The Ki was calculated as follows
(10)
where Ms is the dry mass of the soil mixture and V is the volume of the cosolvent solution.
2.4 Column Experiments
For each column, the same general experimental procedure was followed: (1) wet-packing
with the soil mixture, (2) determination of the dispersion coefficient using a tracer test, (3)
flushing with a MeOH solution at an fc of 0.95 under density stable conditions, (4) collection
and analysis of effluent samples, and (5) analysis of the soil after flushing. The design
parameters of the columns are given in Table 3. (See Table 1 for properties of the soil
mixture and Table 5 for concentrations of PAHs in soil mixture.)
For C1, C3, and C4, a glass column was equipped with stainless steel end caps and tubing.
The columns were wet packed over a 10 g bed of 30/40 Accusand. The soil mixture was
then introduced in 0.5 cm lifts, each lift followed by either slight vibration (using a
pneumatic vibrator) or tapping of the column walls. Gentle stirring was also used to remove
entrained air bubbles and to ensure amalgamation of the lift layers. In C4 only, the column
was also topped with an additional layer of Accusand. This layer was added so the column
could be flipped 180° post colsolvent flushing and prior to flushing with water; thus, we
were able to maintain a density stable front without reversing the direction of flow. A
syringe pump was used to maintain flow through the columns (Harvard Apparatus; Model
44).
For C2, a 110-cm column was constructed out of 10.2-cm outer diameter stainless steel pipe.
Three evenly-spaced sampling ports were located at 30, 55, and 80 cm below the column
top. The column was wet-packed over a 5-cm bed of oven-dried, autoclaved 30/40 Accusand
sand. The soil mixture was introduced in 3 to 5 cm lifts followed by vibration of the column
walls (using a pneumatic vibrator) and gentle stirring. A stainless steel single-piston
metering pump (Eldex Laboratories, Inc., Napa, CA) was used to maintain flow. This
column was one of several constructed for studying biological and chemical treatment of
soil. Further detail on the column design can be found in Richardson et al. (2011).
Prior to alcohol flushing, the columns were equilibrated with a simulated groundwater
solution, based on historical groundwater ion concentrations near Salisbury, North Carolina
(Harden et al., 2009). This solution was prepared by adding 1.83 g CaCl2·2H20, 1.01 g
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MgSO4·7H20, 2.19 g NaHCO3, 1 mL of 8.77 g/L KCl solution, and 1 ml of 1 N H2SO4 to
20 L of sterile-filtered DI water (ionic strength = 4.5E-3). The solution was also de-aired to
help remove entrained air bubbles. For C2 only, the column operated continuously for
approximately 11 months prior to cosolvent flushing. Soil samples were analyzed for PAHs
immediately before cosolvent flushing to assess the loss of PAH mass during the
equilibration period.
2.4.1 Tracer Tests—Tritium was used as a conservative tracer to determine the
hydrodynamic dispersion coefficient, D, by fitting breakthrough curves to the advection-
dispersion equation. A 16 nCi/mL tracer solution was prepared by combining a stock
solution of tritiated water with simulated groundwater. Effluent samples were collected in
glass scintillation vials, combined with a scintillation cocktail (Fisher Scientific SX23-5),
and analyzed on a Packard Tri-Carb Liquid Scintillation Analyzer (Meriden, CT; Model
1900 TR).
In C2, approximately 0.5 PVs of tritiated groundwater was pumped into the column,
followed by continuous flushing with non-tritiated groundwater. For C2, the tracer test was
run soon after the column was prepared, prior to the equilibration period and alcohol
flushing. In C3 and C4, the tritiated groundwater was pumped through the columns until
complete breakthrough was observed (approximately two PVs), followed by continuous
pumping of non-tritiated groundwater. A tracer test was not run on column C1, though we
would expect the dispersion coefficient to be similar to column C3.
2.4.2 Cosolvent Flushing—In Table 4, the flushing strategy for each column is
provided. In three of the columns, flow was halted during cosolvent flushing to test for rate
effects. In C3 and C4, the time for the stop flow was increased after rate effects were
observed in C1. During flushing, effluent samples were collected in glass vials equipped
with PTFE-lined screw caps. In the smaller scale experiments (C1, C3, C4), effluent was
continuously collected. Sample vials were initially changed hourly during C1 and C3, and
every half-hour during C4. In the largest column (C2), the samples were collected
intermittently on an hourly basis, with 10 ml of effluent collected during each sampling
event. In all the columns, the time between samples was increased as the change in
concentrations decreased.
Effluent samples were collected in vials pre-filled with acetonitrile for all the columns
except C4, for which samples were collected in MeOH. Effluent samples were analyzed for
PAHs using HPLC as described in §2.2.1. Most samples required further dilution prior to
HPLC analysis. Because the concentrations of individual PAHs increased rapidly during
cosolvent flushing, it was necessary to change the dilution factor between samples,
periodically causing some PAHs to fall near or below the quantification limit. In C4, two or
three different dilution factors were used for each sample to ensure concentrations above the
detection limit. Density was also measured in C4. Since the amount of MeOH pre-added to
each vial was known, the estimated MeOH concentration was corrected for the pre-added
MeOH.
After cosolvent flushing, the columns were flushed with simulated groundwater for two to
three PVs. In C4, the water flush began immediately after the stop flow and the column was
rotated 180°, such that the flow direction was maintained along with a density stable front.
For this column only, effluent samples were collected during the water flush and a complete
breakthrough curve could be determined for MeOH.
2.4.3 Post-flushing Soil Analysis—The column soil was extracted as described in §2.2.
For the experiments conducted in the glass columns (C1, C3, C4), the soil was removed and
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divided into four layers along the length of the column. Each section was homogenized and
a portion was used for moisture content analysis. For C2, soil samples were taken
immediately before and after alcohol flushing from each of the three soil sampling ports. A
portion of these samples was also used to determine the moisture content. All samples were
analyzed in triplicate for PAHs.
In the glass column experiments, the final mean soil concentration was calculated as a
weighted average of the concentration in each layer. In C2, the final mean soil
concentrations were calculated by taking the mean of the concentrations from each sampling
port. The initial concentrations were estimated by summing the mass remaining post-
flushing with the mass removed during flushing, which was determined by integrating the
effluent concentrations with respect to the volume flushed using the trapezoidal rule.
2.4.4 Modeling of Cosolvent Flushing—A code was written in Matlab to solve the
two-site model (Eqn 3–6). Advection, dispersion and desorption were solved numerically
using a finite-difference alternating-split-operator approach. Advection was solved explicitly
using MUSCL as described in Farthing and Miller (2000) and dispersion was solved
implicitly using a centered-difference formula. For the cosolvent flushing, desorption was
solved for each node using an ODE solver (Matlab, ode15s). Experimental data were fit
using the trust-region-reflective lease-squares algorithm (Matlab, lsqcurvefit).
3 Results
3.1 Soil Analysis
The PAH mass in the soil mixture is presented in Table 5. The wide range of values
demonstrates the heterogeneity of the mixtures and the distribution of PAHs suggests that
the tar is highly weathered. In unweathered tar samples, NAP is typically the most prevalent
PAH (Birak and Miller, 2009). For this soil, PHE was the most prevalent PAH. The
relatively low amount of NAP is consistent with other analyses of highly weathered tar-
contaminated soils (Liu et al., 2009), although the soil processing methods in the current
study could have also lead to additional losses of NAP by volatilization.
In addition to quantifying individual compounds, soil extracts (i.e., TEOM) were
fractionated into asphaltenes, polar compounds, and neutral compounds. These data are
presented in Table 6. This analysis revealed that 46% of the TEOM was in either the
asphaltene or polar fraction. The neutral fraction was further analyzed by GC-MS. The GC-
MS data were used to conduct a semi-quantitative analysis of the neutral fraction based on
relative peak area. Based on this analysis, the U.S. EPA priority pollutant PAHs contributed
to 24% of the total peak area. The most prominent group of compounds were the
methylphenanthrenes, which accounted for 40% of the total peak area. The remaining peak
area consisted of a large number of much smaller peaks that were typically 1% or less of the
total peak area.
3.2 Batch Experiments
The batch data were used to determine the cosolvent partition coefficient, Ki, for fc ranging
from 0 to 1. In Fig 1, log Ki is plotted as a function of fc for PHE and BaP. As shown in Fig
1, the Ki sometimes spanned as much as an order of magnitude for a given fc, while the high
MW PAHs were often below the quantification limit for the low fc batch tests. Regardless,
the data were well fit by the log-linear model (Eq. 2), for which the coefficients and
corresponding R2 values are provided in Table 7. Limited data are available to compare to
previous studies; however, ασ values for NAP and PHE compared well to σ values published
by Bouchard (1998) for artificially contaminated sands of 2.52 for NAP and 4.69 for PHE.
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Bouchard (1998) also reported values for Kiw of 0.58 for NAP and 2.33 for PHE. These are
considerably lower than the values determined for the soil mixture, which makes sense
given the aging of the field contaminated media.
3.3 Tracer Tests
A standard advective-dispersive model was fit to the tracer test data. Results are given in
Table 3 for all the columns and plots are given in Fig 2a and 3a for C2 and C4. All the data
were well fit by the advective-dispersive model.
The tracer data were used to predict the MeOH fc in the cosolvent flushing experiment in
C2. In Fig 2b, the modeled fc is compared to estimates based on the mass and volume of
each sample. This is a relatively imprecise method but does provide some indication that the
MeOH concentrations are reasonably estimated using the dispersivity from the tracer tests,
although there does appear to be slightly sharper breakthrough of MeOH as compared to the
conservative tracer.
For C4, the density was measured in the effluent samples, providing a more precise estimate
of fc. In this case, the dispersion data from the conservative tracer did not provide a good fit
to these data. In addition, the breakthrough-curve for MeOH was not symmetric; thus, the up
and down portion were fit separately and are given in Fig 3b. Though fitting the up and
down portion of the curve was an improvement, the MeOH data still deviated from the
advection-dispersion model.
3.4 Column Flushing Experiments
Cosolvent flushing was found to significantly reduce the mass of PAHs in all the column
experiments. Fig 4 compares Si pre- and post-flushing in C1 and C2. Values are shown for
the 10 PAHs that were consistently quantifiable during these experiments. The values of Si
pre-flushing are estimated as described in §2.4.3 and are in reasonable agreement with
measurements from the soil mixture. We also did not find any significant difference in the
measured values immediately before flushing. The values of Si post-flushing are averages
measured along the extent of the column. Based on the 10 PAHs in Fig 4, the PAH mass
was reduced 93% in C1 and 95% in C2.
Although the total PAH mass removed was similar between C1 and C2, achieving the same
amount of mass removal in C2 required more PVs of cosolvent flushed as compared to C1.
In Fig 5, the cumulative fraction of mass removed is plotted for the first 10 PVs flushed. The
number of PVs required to remove 50% of the PAH mass was 1.8 in C1 and 3.9 in C2, while
90% removal required 6.5 in C1 and 9.5 in C2.
We also found that individual compounds eluted over different time scales. In Fig 5, the
cumulative mass removed for individual compounds is plotted. These curves are grouped by
the number of rings for a given PAH. For the most part, the three, four, and five-ring PAHs
eluted in order of decreasing solubility. Interestingly, NAP eluted last, despite having the
highest solublity. Also, NAP was the only compound to show a slight increase in
concentration at the stop flow in C1.
In C3 and C4, longer stop flows were allowed and rate effects were more clearly observed.
In these experiments, all the PAHs in Table 5 were quantifiable. The total PAH mass was
reduced 89% in C3 and 81% in C4. In Fig 6, the cumulative mass removal is plotted for C3
and C4. During the stop in flow, NAP had the most significant increase in relative mass
removed followed by the three and four-ring PAHs. The five and six-ring PAHs had
relatively small increases in concentrations that are not visible on this scale.
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The two-site model was used to simulate the concentrations eluting from the columns. A
series of simulations was conducted to determine the need for fitting various parameters: (1)
assuming equilibrium (i.e., Fi=1), (2) fitting Fi and calculating the rate ki using Eq 8 and
coefficients from Bouchard (1998), (3) fitting Fi and ki, and (4) fitting Fi, ki, and the two
parameters required to calculate Ki (i.e., Kiw and ασi). The model fits were very sensitive to
the steep gradients during the flow of MeOH into and out of the column; thus, we did not
include concentrations during the first PV, or after PV 4.8 in C4, in the data used for fitting.
When using an equilibrium only assumption, the model predicted the concentrations
dropping much too fast and did not predict increased concentrations during the stop flows.
Using calculated rate constants and fitting Fi, we saw limited improvement to the model fits
compared to the equilibrium assumption, indicating that the rates were likely too high. When
fitting both ki and Fi, we were able to better capture the tails and predict the increase after
the stops; however, the peak concentrations were often underestimated. When fitting the
four parameters, Fi, ki, Kiw and ασi, we were better able to capture both the tails and predict
the peak concentrations. The fitted parameter values along with the L2 norm of the error are
provided in Table 8.
The parameters in Table 8 data were used to model the effluent concentrations and are
compared to the data in Fig 7, 8, and 9 for columns C2, C3 and C4, respectively. In general,
the model provided a good fit to the experimental data. For C2, the concentrations were well
predicted throughout the experiment for most chemicals and the average L2 norm of the
error was 0.99. For C3, the average L2 norm of the error was higher at 1.6. This experiment
included a stop flow. For most of the PAHs, the model consistently was unable to fit the
concentrations immediately prior to the stop in flow. The model also tended to predict
higher concentrations in the effluent after the stop flow. In C4, the average L2 norm was
1.08, similar to C2; however, considerably better fits were obtained for the lower MW
PAHs. The average L2 error was 0.63 for the two-ring PAHs and 1.45 for the five ring
PAHs.
In Fig 10a and 10b, the fitted values for Kiw and ασi are plotted for each of the columns and
compared to the values from the batch experiments. For most of the two-, three-, and four-
ringed compounds, there was excellent agreement between the fitted values across the
columns. For these compounds, the fitted values of Kiw tended to be lower than the batch
data, while the values of ασi tended to be higher. This trend was less evident for the five-
and six-ringed compounds, for which there was a lot more scatter in the data.
In Fig 10c and 10d, the fitted values for Fi and ki are plotted. Fi did not show any trend
across chemicals but varied between the columns. The average value for Fi was 0.071 in C2,
0.62 in C3, and 0.42 in C4. For the rate constant, the values tended to be higher for the
three- and four-ringed PAHs; however, there was a lot of scatter in the data. An additional
set of model fits were conducted where Fi was set to a constant value for a given column
using these average values. It was thought that fixing Fi might be a mechanistically
reasonable assumption. For fits based upon this restriction, although the individual values of
ki varied, the overall trends in the data remained the same compared to the four parameter
fits reported above.
4 Discussion
In this work, we investigated the remediation of field-contaminated media from a FMGP
using cosolvent flushing. These experiments were conducted in systems with varying
hydrodynamic characteristics. Specifically, the longest column, C2, had much greater
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dispersivity than the smaller columns, which is likely due to increased heterogeneity in the
column packing. The increase in dispersivity with length scale is a well-documented
phenomena that is generally attributed to increased heterogeneity (Gelhar et al., 1992). We
found that removal was less efficient in the largest column (e.g., 110 cm), such that more
PVs were needed for the same amount of PAH removed. This result is consistent with other
studies that have shown recovery efficiency decreases with length scale and heterogeneity
(Soga et al., 2004). The higher linear velocity in C2 may also have contributed to less
efficient removal given the importance of rate effects. Though the 110 cm column is still
relatively small when compared to field scale, the results from this column provide a better
indication of the efficiency of cosolvent flushing in field-scale systems.
Results from other studies have suggested that using a high fc would eliminate rate and
chromatographic effects (Brusseau et al., 1991; Augustijn et al., 1994; Bouchard, 1998). The
results here suggest that this is not the case for field contaminated soil. When flow was
temporarily halted, we found rate effects to be present in all the small columns. NAP in
particular appeared to be highly rate-limited, despite being the most soluble PAH
considered. Other than NAP, we also found that the most soluble PAHs tended to elute
before the least soluble, higher MW PAHs. The chromatographic effects were most
prominent in the largest column.
Experimental data were fit using a two-site model. In general, the model provided a
reasonable fit to the experimental data. As reported previously, the model was found to be
extremely sensitive to the equilibrium partition coefficient, Ki, (Bouchard, 1998), and even
small changes in this parameter could provide significant improvements to the model fits.
The values for Ki were estimated as a function of Kiw and ασi. During the model fitting, the
values for Kwi and ασi were constrained by the 99% confidence interval of the predicted
values based on the batch tests. In batch tests, many of the high-MW PAHs were below the
quantification limit for low values of fc. These compounds also tended to have the most error
in the model fits. Using improved analytical methods for batch tests may provide better data,
which would further improve model fits.
Values for Ki are also a function of fc, which varied over the course of the experiment as
MeOH displaced the water in the column. Following Augustijn et al. (1994), we initially
used the dispersivity from a conservative tracer to model the cosolvent breakthrough curve.
In column C4, we measured density of the effluent and found evidence of sharpening of the
cosolvent front, consistent with other miscible displacement studies (Harmon et al., 1999).
In addition to sharpening of the MeOH front, we also found that the MeOH breakthrough
curve deviated from the advection-dispersion equation. It is not clear if this deviation is
caused by instabilities that developed despite the stable displacement (i.e., downward flush
of cosolvent) or due to interactions between MeOH and the soil organic matter. In past
studies, MeOH has been shown to impact the sorptive properties of natural organic matter
(Bouchard, 2002). More work is need to understand how MeOH may be interacting with the
organic phase in FMGP soils.
Raoult’s Law can be used to account for compositional changes during tar dissolution
(Peters et al., 1999). Estimating equilibrium concentrations according to Raoult’s Law
would require an estimate of the amount of tar mass remaining on the soil, which would be
difficult to ascertain given the degree of aging. Rather than estimating equilibrium
concentrations, we based these concentrations on measured values for Ki determined from
batch studies. Given Raoult’s Law, Ki may vary with composition when the average
molecular weight changes. Because the concentrations of PAH are a small fraction of the
total organic matter, we do not expect the average molecular weight to vary greatly during
cosolvent flushing.
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Parameter values for Fi and ki were determined by fitting the model to experimental data. In
previous studies, Fi was shown to decrease to near zero as fc increased (Brusseau et al.,
1991; Augustijn et al., 1994). In this work we used a very high fc, and yet the best fit value
for Fi was over 0.4 for most of the chemicals in the smaller columns. Similar to other
studies, we did not see any trend for Fi between chemicals; however, we did see a difference
in the Fi between systems with varying hydrodynamic characteristics. Specifically, we found
that Fi decreased as the dispersion coefficient increased.
Unlike past studies, we did not find a strong correlation between ki and Ki, according to Eq.
8. In Fig 11, we compare rate constants determined for the aged-FMGP soil to values
calculated using Eq. 8. The rate constants for the aged soil were approximately two to three
orders of magnitude less than values based on artificially contaminated sand. Other studies
have found these relationships provided a good fit to experimental data (Augustijn et al.,
1994); however, previous studies replicated the experimental set-up used to derive the ki and
Ki relationship, using single-solute systems, ~5-cm columns, and relatively high flow rates.
As noted by Augustijn et al. (1994), high flow rates were necessary to induce rate effects.
They also noted that rate effects diminished with higher fc. In this study, flow rates were
much slower and we used a higher fc, yet we still observed rate effects in all our column
experiments.
Although the model provided a reasonable fit to the data, the fitted parameters do not
necessary reflect the physical phenomena of the system. Others have shown that as fc
increases, the value for ki increases and the value for Fi decreases (Brusseau et al., 1991;
Augustijn et al., 1994). This is some-what counterintuitive. As ki increases, the effluent
concentrations approach the model prediction of the equilibrium only assumption, Fi = 1.
We found that using values for ki predicted from Eq. 8 resulted in the model being
completely insensitive to the chosen value for Fi. We believe better modeling approaches
are needed in which the model parameters have a well-defined physical meaning.
It is also important to recognize that this model is a simplification of a very complex system,
especially in terms of the nature of the organic phase. In our analysis, we only monitored
PAH concentrations, but we would expect other compounds to also be removed during
flushing. In other words, we not only have desorption of PAHs from the organic phase, but
the organic phase is itself undergoing some degree of dissolution. We do not know how the
other components of the organic phase (e.g., polar compounds and asphaltenes) are impacted
by cosolvent flushing. Improvements can be gained from a better understanding of this
dissolution process. Future models may also be improved by explicit consideration of the
flow equation to account for the non-ideal flow behavior of MeOH during cosolvent
flushing.
5 Conclusion
These results illustrate the importance of using field samples in order to understand the
complexity of contaminant behavior in environmental systems. We found previous
conclusions and relationships developed based on artificially contaminated sands did not
translate to the field-contaminated soil used in this study. Existing relationships to predict
mass transfer rates were incapable of simulating the desorption from field contaminated
media. Though we significantly reduced the chromatographic effect, we still found that
compounds were removed over varying time scales, particularly in the largest column. In
evaluating cosolvent flushing, it is extremely important to consider compounds on an
individual basis, particularly for higher MW compounds that can drive human health risk.
Interestingly, NAP was also extremely recalcitrant despite being the most soluble PAH,
which was also contrary to results based on artificially contaminated media.
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Cosolvent flushing has the potential to remove large quantities of contaminant mass with a
minimum number of PVs, compared to water flushing alone. In the largest column studied,
10 PVs of cosolvent removed almost 90% of PAH mass while > 100 PVs of water during
the equilibration period had little effect on the concentrations of PAHs in the soil. For a
particular site, the appropriateness of cosolvent flushing will be dependent on a number of
factors including site heterogeneity and the particular remediation goal. In addition, 10 PVs
of flushing solution on a field scale can still be prohibitively large. Regardless, removing all
of the contaminant mass is likely to be an unachievable goal even when using a high
cosolvent fraction. Batch and column studies can be used to understand how a particular
media will respond to a given remediation technology, such as cosolvent flushing.
Improvements to models will aid our ability to evaluate the effectiveness of cosolvent
flushing over temporal and spatial scales and provide reasonable estimates of the number of
PVs required for a given remediation goal. Of particular importance is the consideration of
density and viscosity variations that will impact the effectiveness of flushing at the field
scale.
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• Complex, aged, field-contaminated tar material investigated for cosolvent
remediation of PAH contaminants
• Standard log-linear model described equilibrium between the solid and the
cosolvent as a function of methanol volume fraction
• Chromatographic effects were observed as a function of solubility of the PAH
compound
• Desorption rate modeling showed rate coefficients were two to three orders of
magnitude smaller than previously reported for artificially contaminated
materials
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Least-square fits to batch data using the log-linear model (Eq. 2) for PHE and BaP. The
dashed line represents values extrapolated beyond the experimental data.
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Tritium and MeOH concentration as a function of PVs flused in C2 (110 cm). The
dispersivity from the tracer test was used to estimate the methanol fc.
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Tritium and MeOH concentration as a function of PVs flushed in C4 (11.9 cm). The MeOH
data was fit separately to determine the dispersion coefficient during the breakthrough and
elution portions of the curve.
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Comparison between Si pre- and post-flushing in columns C1 (22.2 cm) and C2 (110 cm).
The pre-flushing values compare favorably to the original soil mixture.
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PAH mass removal as a function of PV in columns C1 and C2 after flushing 10 PVs of
cosolvent (MeOH fc = 0.95) for the 10 PAHs noted in Fig 4.
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PAH mass removal as a function of PV in columns C3 and C4 during cosolvent flushing
(MeOH fc = 0.95) for the 14 PAHs in Table 5. Flow was stopped at 5.6 PVs in C3 and 3.8
PVs in C4. In C4, the column was flushed with water immediately after the stop flow, while
C3 was flushed with additional cosolvent.
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Modeled effluent concentrations compared to data from C2.
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Modeled effluent concentrations compared to data from C3.
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Modeled effluent concentrations compared to data from C4.
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Relationship between the mass transfer rate, log ki, and the partition co-efficient, log Ki
(fc=0.95). The ki data are for the FMGP soil (Table 8) and were converted to units of hr−1 to
compare with predicted values from Eq. 8, which were based on artificially contaminated
sands.
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Table 1
Properties of the soil mixture
Property n Mean SD Method
% Sand 1 82.9 D422-63, ASTM (1999b)
% Silt 1 13.8 D422-63, ASTM (1999b)
% Clay 1 3.3 D422-63, ASTM (1999b)
% Moisture content 6 7.50 0.01 D2216-98, ASTM (1999a)
pH 3 7.56 0.11 D4972-01, ASTM (2001)
Particle density (g/cm3) 3 2.62 0.04 D854-92, ASTM (1999c)
% Inorganic carbon (IC)a 6 7.0 1.6 Lukasewycz and Burkhard (2005)
% Organic carbon (OC)a 3 8.3 1.2 Lukasewycz and Burkhard (2005)
% Total extractable organic matter (TEOM) a 15 0.64 0.10 See §2.2
a
Dry mass basis.
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Table 2




0.000 0.000 0.9977 0.0002
0.040 0.050 0.9906 0.0001
0.080 0.101 0.9842 0.0004
0.165 0.204 0.9710 0.0002
0.253 0.308 0.9578 0.0003
0.345 0.414 0.9426 0.0002
0.441 0.519 0.9254 0.0003
0.441 0.519 0.9254 0.0003
0.543 0.624 0.9052 0.0003
0.648 0.726 0.8819 0.0001
0.759 0.826 0.8552 0.0001
0.877 0.919 0.8244 0.0001
0.938 0.964 0.8074 0.0001
1.000 1.000 0.7898 0.0003













Birak et al. Page 29
Table 3
Column apparatus and conditions during cosolvent flushing experiments
C1 C2 C3 C4
Mass of soil mixture (kg) 0.160 13.4 0.170 0.082
Total height (cm) 22.2 110 21.3 11.9
Inner diameter (cm) 2.5 9.83 2.5 2.5
Porosity, θ 0.401 0.417 0.382 0.397
Linear pore velocity, v (cm/day) 24.2 109 25.5 24.7
Mean residence time (day) 0.92 1.0 0.84 0.48
Hydrodynamic dispersion coefficient, D (cm2/day) – 4,680 22.3 29.9
Peclet number – 2.56 24.4 9.83
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Table 4
Comparison of cosolvent flushing experiments
C1 C2 C3 C4
Total PVs Flushed 10.6 11.9 12.1 3.8
PVs Prior to Stop 6.2 – 5.6 3.8
Stop Time 2 d – 2 wk 4 d













Birak et al. Page 31
Table 5
PAH analysis of the soil mixture (n=33)
Chemical Abbreviation MW
Si (mg PAH/kg dry)
Mean a Range
2 Rings
 Naphthalene NAP 128 9.5 ± 1.5 4.5 – 25.6
3 Rings
 Acenaphthene ACE 152 11.9 ± 1.0 8.4 – 20.1
 Fluorene FLE 166 9.5 ± 0.7 6.6 – 15.8
 Phenanthrene PHE 178 129 ± 11 73 – 254
 Anthracene ANT 178 10.5 ± 0.8 6.0 – 17.4
4 Rings
 Fluoranthene FLA 202 25.2 ± 1.8 15.6 – 39.5
 Pyrene PYR 202 40.9 ± 2.8 25.5 – 65.5
 Benzo[a]anthracene BaA 228 13.8 ± 1.1 8.9 – 22.3
 Chrysene CHR 228 14.0 ± 1.3 9.1 – 22.7
5 Rings
 Benzo[b]fluoranthene BbF 252 6.9 ± 0.6 4.1 – 13.2
 Benzo[k]fluoranthene BkF 252 4.2 ± 0.4 2.3 – 8.3
 Benzo[a]pyrene BaP 252 13.5 ± 1.5 8.1 – 28.5
 Dibenzo[ah]anthracene DBA 278 1.0 ± 0.2 0.6 – 3.1
6 Rings
 Benzo[ghi]perylene BgP 276 5.3 ± 0.6 2.8 – 10.9
Total PAHs 295 ± 12
a
Confidence interval is the 95th percentile around the mean.
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Table 6
Fractionation of TEOM from field soil, n=3
Fraction Mean SD RSD
Asphaltenes 25.4 0.7 0.027
Polar compounds 20.8 1.9 0.089
Neutral compounds 45.0 1.4 0.030
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